Clinical isolates of Pseudomonas aeruginosa from blood adhered to and penetrated intestinal Caco-2 cell monolayers to a greater degree than did isolates from sputum, with a concomitant drastic decrease in transepithelial electrical resistance. PAO-PR1, an avirulent exotoxin A mutant of PAO1, did not cause a decrease in the resistance. The Caco-2 monolayer system may be useful for the evaluation of certain P. aeruginosa virulence factor activities.
Pseudomonas aeruginosa is an opportunistic pathogen; in immunocompromised hosts, it frequently causes severe septicemia, arising from their own endogenous intestinal flora (1, 5, 11, 13) . We previously established an animal model of endogenous P. aeruginosa septicemia in neutropenic mice (11) (12) (13) . This experimental model encompasses bacterial colonization, overgrowth, and invasion and consequently closely mimics the pathophysiology of septicemia in humans (11, 12) . Clinical isolates of P. aeruginosa from blood are associated with a significantly higher rate of mortality of mice in this model than strains isolated from sputum (8) . We also found that the blood isolates persisted in the intestines of mice (8) . Moreover, we described that the rate of mortality of mice given P. aeruginosa exotoxin A mutant PAO-PR1 (2) was significantly lower than that of the parent strain, PAO1 (15) , while the mice infected with elastase mutant PAO-E64 (18) died of septicemia, as did the mice given PAO1. The ability to adhere to and penetrate epithelial cell barriers is common to many pathogenic organisms (6) and may also contribute to the occurrence of septicemia in our animal model. Our findings suggest that pathogenic P. aeruginosa strains adhere to intestinal epithelial cells and invade intestinal barriers of mice to a greater extent than do nonpathogenic strains. However, the mechanism by which P. aeruginosa adheres to and penetrates the intestinal epithelial cells is unclear.
The human adenocarcinoma cell line Caco-2, although isolated from an adult human colon, expresses several markers characteristic of normal small intestinal villus cells, such as microvillar hydrolases (24) . These cells are also thought to be highly analogous to enterocytes of the fetal colon (7). The transepithelial electrical resistance of Caco-2 cell monolayers on filters varies depending on their growth, indicative of the presence of tight junctions (7, 9, 16) . Cells grown in such a manner also form regular microvilli and have a well-developed brush border (7) . Using Caco-2 cells, bacterial adherence, invasion, and penetration and the role of virulence factors have been studied for several bacterial species, such as Salmonella spp. (7), Vibrio cholerae (20) , Escherichia coli (17) , and Klebsiella pneumoniae (3) .
In the present study, we examined whether there are any differences in the abilities of P. aeruginosa isolates from blood and sputum to adhere to and penetrate Caco-2 cell monolayers in vitro. We also applied this system for evaluation of the role of P. aeruginosa exoenzymes in pathogenicity, using parent strain PAO1 (15) and its exotoxin A (2) and elastase (18) mutants, which were previously examined in our murine endogenous bacteremia model. P. aeruginosa clinical isolates, including five blood isolates and five sputum isolates obtained at Nagasaki University Hospital, Nagasaki, Japan, were used. All of these isolates were serum resistant. As previously reported, the blood isolates caused Ͼ70% mortality of mice while the sputum isolates did not kill mice in the model of endogenous septicemia (8) . P. aeruginosa PAO1 (15), its exotoxin A mutant, PAO-PR1 (2), and its elastase mutant, PAO-E64 (18) , which were kindly provided by B. H. Iglewski, University of Rochester School of Medicine and Dentistry, Rochester, N.Y., were also used. P. aeruginosa PAO1 and PAO-E64 result in 70 to 100% mortality in the animal model, whereas PAO-PR-1 causes Ͻ10% mortality (11) . Salmonella typhimurium SL1344 (14) and E. coli DH5␣ (7), used as positive and negative controls, respectively, for the Caco-2 cell monolayer penetration assay, were kindly provided by B. Brett Finlay, Biotechnology Laboratory, University of British Columbia, Vancouver, British Columbia, Canada. S. typhimurium SL1344 penetrates the Caco-2 cell monolayer and appears in the basolateral medium within 2 h, with a loss of transepithelial resistance by 3 to 4 h, whereas noninvasive E. coli DH5␣ does not normally penetrate the monolayer within 5 h unless the tight junctions are disrupted or the epithelial cells are physically damaged (7) .
Monolayers of differentiated Caco-2 cells were prepared in Transwell filter units (no. 3415; Costar, Cambridge, Mass.) containing a 0.33-cm 2 porous filter membrane with 3.0-m pores in either 24-well tissue culture plates (7) or tissue culture chamber slides (Lab-Tek; Miles Laboratories, Inc., Naperville, Ill.) (13) . The cells were seeded at a density of 10 5 per cm 2 in Dulbecco modified Eagle medium (D-MEM; Nissui Pharmaceutical Co., Ltd., Tokyo, Japan) supplemented with 20% fetal bovine serum, 100 U of penicillin per ml, and 100 g of streptomycin per ml and incubated at 37°C in 5% CO 2 for 14 days.
Before addition of bacteria, the monolayers were rinsed with D-MEM without antibiotics.
A bacterial suspension of approximately 10 8 CFU/ml in antibiotic-free D-MEM was added to the tissue culture chamber slides. The chamber slides were incubated at 37°C for 60 min with gentle rocking and then washed five times with antibioticfree D-MEM. The chambers were removed from the slides, stained with Giemsa stain, and examined microscopically under an oil immersion lens. The number of bacteria per Caco-2 cell was recorded by examining 100 cells, and the results were expressed as averages of data from at least three independent assays.
Bacteria were inoculated at 10 7 CFU/well onto the apical monolayer surface. The inoculum size and experimental conditions were those reported previously by Finlay and Falkow (7) . Transmonolayer electrical resistance of Caco-2 cell monolayers grown in Transwell units was measured with a Millicell-ESR apparatus (Millipore Corp., Bedford, Mass.) at certain time intervals (7, 22) . Area times resistance (⍀cm 2 ) was calculated by multiplying the measured resistance by the area of the filter (7). The basolateral medium was removed at the time of assay and replaced with fresh 37°C antibiotic-free D-MEM. Bacteria in the basolateral medium were counted by plating appropriate dilutions on Trypticase soy agar (BBL Microbiology Systems, Cockeysville, Md.). The assay was performed in triplicate, and the results were expressed as an average. Analysis of variance was applied in multiple comparisons. Figure 1 shows the results of studies of adherence of P. aeruginosa clinical isolates, S. typhimurium SL1344, and E. coli DH5␣ to Caco-2 cells. S. typhimurium SL1344 adhered to Caco-2 cells at an average Ϯ standard deviation of 8.6 Ϯ 1.3 bacteria/cell, while E. coli DH5␣ adhered at 0.3 Ϯ 0.1 bacteria/ cell. Adherence of P. aeruginosa clinical isolates from blood to Caco-2 cells was similar to that of S. typhimurium SL1344 (7.4 Ϯ 1.6 bacteria/cell). In contrast, significantly fewer sputum isolates than blood isolates adhered to Caco-2 cells (2.3 Ϯ 0.8 bacteria per cell; P Ͻ 0.02). Figure 2 shows the changes in transepithelial resistance of the Caco-2 cell monolayer and the number of bacteria that have penetrated it over time. S. typhimurium SL1344 penetrated the Caco-2 cell monolayer and appeared in the basolateral medium 1 h after inoculation. Transepithelial resistance fell markedly between 2 and 4 h after bacterial inoculation and decreased to Ͻ50 ⍀cm 2 , similar to resistance levels in unseeded filters. In contrast, E. coli DH5␣ could be detected in the basolateral medium after 6 h, and the transepithelial resistance decreased slowly over time. These findings are similar to those of Finlay and Falkow (7) . P. aeruginosa isolates from blood penetrated monolayers similarly to S. typhimurium SL1344. Three of five isolates were detected in the basolateral medium 1 h after inoculation, and all isolates were present 2 h after inoculation. By contrast, it was 6 h after inoculation before all of the sputum isolates were detected in the basolateral medium. The numbers of bacteria that penetrated the Caco-2 cell monolayers were significantly higher for blood isolates than for sputum isolates (P Ͻ 0.05 for 2, 4, 6, 12 h after inoculation; P Ͻ 0.02 for 8 h after inoculation). The decrease in transepithelial resistance in Transwell units seen for blood isolates of P. aeruginosa was not as marked as for S. typhimurium SL1344 but significantly greater than that observed for sputum isolates (P Ͻ 0.05 for 6 and 8 h after inoculation; P Ͻ 0.02 for 12 h after inoculation).
The transepithelial resistance of the Caco-2 cell monolayer infected with P. aeruginosa PAO1 decreased in a time-dependent manner, as shown in Fig. 3 . When Caco-2 cells were infected with the elastase mutant PAO-E64, changes in transepithelial resistance did not differ from those observed with the parent strain. In contrast, the transepithelial resistance values for the Caco-2 cell monolayer infected with exotoxin A mutant PAO-PR1 were significantly higher than those determined after infection with the parent strain (P Ͻ 0.02 for 4 h, P Ͻ 0.002 for 6 h, P ϭ 0.0002 for 8 h, and P Ͻ 0.0001 for 12 h after inoculation).
We previously showed that clinical isolates of P. aeruginosa from the blood of patients with bacteremia resulted in a higher 7 CFU/well to the apical surfaces of Caco-2 cell monolayers, and transepithelial electrical resistance of the monolayers and the numbers of bacteria in the basolateral medium were monitored over time. The results for S. typhimurium SL1344 and E. coli DH5␣ are expressed as averages Ϯ standard errors of data from triplicate assays. The results for clinical isolates of P. aeruginosa are expressed as averages Ϯ standard errors of the values for five isolates. Isolates of P. aeruginosa from blood penetrated the Caco-2 cell monolayers to a significantly greater extent than did sputum isolates (P Ͻ 0.05 for 2, 4, 6, and 12 h; P Ͻ 0.02 for 8 h after inoculation), with significant decreases in transepithelial resistance in Transwell units (P Ͻ 0.05 for 6 and 8 h; P Ͻ 0.02 for 12 h after inoculation).
rate of mortality for mice with endogenous bacteremia than did strains obtained from other infection sites, such as the respiratory tract (8) . This implies that clinical isolates from blood carry potent virulence factors for septicemia. Our previous findings suggested that the ability of blood isolates to produce large amounts of exotoxin A and alkaline protease and to persist in the murine intestine contributes to the occurrence of septicemia in and death of mice (8) . Although such host-parasite interactions are usually studied in animal models, animals are expensive and awkward to use for fine-structure studies (7) .
In the present study, P. aeruginosa isolates from blood were found to be better able to adhere to Caco-2 cells than isolates from sputum. Although Caco-2 cells may be somewhat different from cells of the mouse intestine, our results suggest that blood isolates may be able to colonize the intestine, which is the first step in transintestinal endogenous bacteremia. Moreover, blood isolates penetrated the Caco-2 cell monolayer more readily and earlier than sputum isolates, with a decrease in transepithelial electrical resistance. Although it is still unclear whether P. aeruginosa invades and penetrates Caco-2 cells or passes through the junctions between cells, most organisms likely pass through broken tight junctions, as evidenced by a marked loss of transepithelial electrical resistance. A complete lipopolysaccharide (LPS) core, which is clearly needed for invasion of respiratory epithelial cells by P. aeruginosa (23, 25) , is missing from most sputum isolates obtained from cystic fibrosis (CF) patients (10, 19, 21) . It has recently been reported that the CF transmembrane conductance regulator (CFTR) is the cellular receptor used for invasion of epithelial cells by P. aeruginosa. Moreover, the CFTR is also the epithelial cell receptor of Salmonella typhi (26) and is expressed on the surface of Caco-2 cells (4) as well. The data from these reports suggest the possibility that P. aeruginosa strains also adhere to and penetrate the Caco-2 cell monolayer through the interaction between the complete LPS core and the CFTR and that the sputum isolates used in our study, like isolates from CF patients, also lack a complete LPS core. In the Caco-2 cell monolayer system, PAO-PR1, an exotoxin A mutant of strain PAO1 which does not kill mice in the endogenous septicemia model, did not elicit a decrease in the transepithelial electrical resistance and did not penetrate the monolayer within 4 h after inoculation like sputum isolates did, while the parent strain and elastase mutant strain, which are virulent in the animal model, caused a significant reduction in the transepithelial electrical resistance and penetrated the monolayer. Since adherence of strain PAO-PR1 to Caco-2 cells was similar to that of the parent strain (data not shown), the results suggest that exotoxin A may be involved in the penetration of bacteria. Moreover, the penetration of the monolayer by the parent strain and the concomitant decrease in its transepithelial electrical resistance were suppressed to the levels attained with strain PAO-PR1 in the presence of goat anti-exotoxin A antibody (List Biological Laboratories Inc., Campbell, Calif.) (data not shown).
Our study suggests that the in vitro Caco-2 cell monolayer system may provide insights into certain aspects of the virulence mechanisms used by P. aeruginosa. This system may also be useful for the evaluation of influences of various phenotypes of P. aeruginosa, such as the presence of flagella or pili, on its adherence to intestinal epithelial cells. Moreover, investigations performed in the presence of mucins may simulate the intestinal environment more closely. Clarification of the mechanism of colonization by P. aeruginosa of the intestinal epithelial cells by analysis of its adhesin and receptors in this in vitro model may contribute to the prevention of endogenous P. aeruginosa septicemia arising from the intestinal tract.
